Acartid copepods are abundant in estuaries, harbours, and semi-enclosed waters. A monitoring programme with the objective of evaluating copepod production, particularly that of Acartia tonsa, the dominant taxon in the Patos Lagoon estuary, was implemented. indicating that the estuary has a high production of copepods.
Introduction
Copepods of the family Acartiidae can tolerate a wide range of salinity (0-38) and temperature (0-408C) and are one of the most important and abundant taxa found in estuaries, harbours, and semi-enclosed water masses (Miller, 1983; Day et al., 1989; Mauchline, 1998) . Up to nine congeneric species have been found in the same region (Tranter and Abraham, 1971) .
Because of its central role in the trophic chain of estuaries, the secondary production of acartid copepods has been the subject of many studies (Landry, 1978; Durbin and Durbin, 1981; Uye, 1982; Kimmerer and McKinnon, 1987; Rodríguez, 1994, 1997; Escaravage and Soetaert, 1995; Irigoien and Castel, 1995; Hirst et al., 1999; Ara, 2001c) . Such estimates at a population level are necessary because they constitute one of the most important parameters for elaborating general theories of biological productivity and are useful in monitoring changes attributable to pollution and even climate change (Downing, 1984; Runge and Roff, 2000) . By improving the knowledge of the productivity of zooplankton, we increase the understanding of the fate and flow of energy through planktonic foodwebs and also support the management of commercially important species that rely on zooplankton for food (Downing, 1984; Williams, 1984; Huys and Boxshall, 1991) .
The Patos Lagoon is one of the world's largest "choked" (sensu Kjerfve, 1986) lagoons, stretching from 30830 ′ S to 32812 ′ S and covering an area of 10 227 km 2 ( Figure 1 ). It receives freshwater from a drainage basin of some 200 000 km 2 (Asmus, 1997; Möller and Fernandes, 2010) , and 971 km 2 , or 10% of its southern area, is characterized as an estuary, with average depths of 5 m, that connects with the Atlantic Ocean through a narrow channel 18 m deep (Asmus, 1997;  Figure 1 ). The main lagoon axis is northeast-southwest (Figure 1) , and its hydrodynamics, as for other choked lagoon systems, is mainly wind-forced (Kjerfve, 1986) . For most of the year, when river discharge is moderate, northeasterly winds are associated with freshwater run-off, but southwesterly winds are more important during autumn and winter, when frontal systems are more frequent and responsible for the intrusion of saline water. During high flood periods, normally during late winter and El Niños, the hydrodynamics are driven by freshwater discharge (Möller et al., 2001; Möller and Fernandes, 2010) .
At least five congeneric species of Acartia have been reported in the Patos Lagoon, but only Acartia tonsa is particularly abundant (.40 016 organisms m
23
; Montú et al., 1997; Muelbert et al., 2010) . Acartia tonsa has a worldwide distribution, being found in the Atlantic, Pacific, and Indian oceans, and the Baltic, Black, Caspian, and Mediterranean seas (Brodskii, 1967; Björnberg, 1981) . In the estuary of the Patos Lagoon, the species is commonly found in waters of 14 -298C and salinity of 0 -31.5 all year-round (Montú and Gloeden, 1986) . Although its importance in the estuary is well documented (Montú , 1980; Montú and Gloeden, 1986; Montú et al., 1997) , specific work on its secondary productivity is lacking.
The objective of the present study was to provide quantitative information on A. tonsa in the Patos Lagoon estuary, by analysing seasonal variations in abundance and biomass and extending the limited knowledge on its productivity in the world's largest choked lagoon. Temperature and salinity were measured with a calibrated multiparameter sampler (HI9828; Hanna Instruments), and chlorophyll a samples were filtered through 2.5 cm glass microfibre filters (Whatman GF/F) in replicate. Chl a concentration was determined using the fluorometric technique of Welschmeyer (1994) .
Material and methods
Subsamples of 1.25 -25% of the original sample were taken, and all organisms were counted and identified to main group as referenced by Boltovskoy (1981 Boltovskoy ( , 1999 . Copepods were identified to the lowest taxon possible using Björnberg (1981) , Montú and Gloeden (1986), and Bradford-Grieve et al. (1999) . Acartia tonsa copepodites were staged according to Sabatini (1990) . The prosome of all Acartia was measured with the aid of a microscale attached to the microscope eyepiece and grouped into seven size categories ( Table 1) .
The average biomass of each size category was estimated using the length -weight regression for A. tonsa from Southampton estuary (data from Muxagata, 2005) : log 10 dry mass (mg) = −6.707 + 2.597 log 10 prosome length (mm). (1) Assuming that all individuals of the same size category are growing exponentially, production was calculated by the "instantaneous growth" approach (Rigler and Downing, 1984; Kimmerer, 1987; Runge and Roff, 2000) using the equation
where PR is the instantaneous rate of production by a particular size class per unit of time (d), B i the biomass of a particular stage or N i w i (N i is the abundance of each developmental stage and w i the average weight of each stage), and G i the growth rate (d
21
) of stage i. Growth rates were estimated using the equations of Hirst and Bunker (2003) for free-spawning copepods.
For the estimates of annual production, the calculated daily production of a particular stage in a sampling day was assumed to represent the mean daily production over a time-interval between two successive midpoints of the intersample period, then converted to C, assuming the average conversion ratio of 44.21% obtained for A. tonsa from Cananéia Lagoon estuary (southern Brazil) by Ara (2001a) . Total annual production of Acartia will be equal to the sum of mass increments for all stages throughout the year, assuming that males grow at the same rate as females.
The Pearson's correlation coefficient r was used to measure the intensity of the association between biotic and abiotic variables. To stabilize the variance of the data, temperature, salinity, Chl a values, and zooplankton abundances were log 10 (x + 1)-transformed before analysis (Clarke and Warwick, 2001) .
Results
There was a marked seasonality in temperature, salinity, and chlorophyll a in the estuary during the study period ( Figure 2 ). Water temperature varied from 128C in winter to 27.58C in summer, and salinity from 0 to 35, covering a shift from a strong marine influence in April 2009 to a total freshwater influence during the wet season (November 2009 to March 2010). Chlorophyll a values were generally low ( 5 mg l 21 ) at both stations during most of the sampling period, but there was a peak at both stations in summer, concentrations reaching .22 mg l 21 (Figure 2 ). Overall, the zooplankton of Patos Lagoon estuary collected by the 90-mm mesh can be roughly divided into six groups according to their percentage in the samples (Figure 3) . Crustaceans accounted for 88% on average of the total zooplankton at both stations during the study period (Figure 3 ). Copepods and cirripedes were most abundant from April to October, then were replaced by cladocerans and rotifers from November 2009 through March 2010 (Figure 3) . The non-crustacean zooplankton was more abundant in the inner estuary than in the channel. Polychaetes and rotifers were the most common non-crustacean (Figure 4) . Several other copepod species were identified, but, because of their small numbers, were grouped by taxonomic order and the environment in which they were found (Figure 4) .
The abundance of marine and freshwater zooplankton groups showed a positive and a negative correlation with salinity, respectively ( Table 2) The abundance of groups common in summer (cladocerans, rotifers, and freshwater cyclopoids) and autumn -winter (cirripedes and A. tonsa) was positively and negatively correlated with temperature and chlorophyll a, respectively ( Table 2) .
The mean annual production of A. tonsa in the Patos Lagoon estuary for the period of study was 740.15 mg C m 23 . Copepodite stages I -V accounted on average for 63% of the total production ( Figure 5 ). Two main productive seasons of the species were observed, one in late-winter/early spring, and the other in autumn ( Figure 5 ).
Discussion
The results here agree with those of earlier studies of the zooplankton in this estuary (Montú , 1980; Montú et al., 1997; Muelbert et al., 2010) , specifically that the zooplankton community of the Patos Lagoon estuary reflects local hydrographic conditions induced by the balance between wind strength and direction, with its concomitant freshwater discharge. To generalize, marine species such as the copepods A. tonsa, Euterpina acutifrons, and larvae of the cirripede Balanus improvisus are introduced into the estuary during seawater inflow. During flushing, freshwater species such as the copepod N. incompositus and the cladocerans Eubosmina tubicen and Diaphanosoma sarsi arrive. Myxohaline conditions are generally characterized by a mixture of species from both marine and freshwater origins, with a dominance of either A. tonsa or N. incompositus (Montú , 1980; Montú et al., 1997; Muelbert et al., 2010) .
The difference between the results of this study and most previous ones lies in the remarkably high abundance of rotifers (880 354 organisms m
23
). This may well reflect the smaller mesh (Montú et al., 1997; Muelbert et al., 2010) , but only A. tonsa was recorded during this study. Acartia tonsa is the dominant species within the estuary (Montú , 1980; Montú et al., 1997; Muelbert et al., 2010) and is usually found year-round. However, in this study, it was absent from the samples taken between December 2009 and February 2010 during an extended period of freshwater influence. Despite being considered euryhaline and eurythermal, capable of living in salinities ranging from 0 to 31.5 (Montú and Gloeden, 1986) , the reproductive potential of A. tonsa is impaired at salinity levels ,5 (Muelbert et al., 2010) , because the nauplii cannot complete their development at such levels (A. P. Cardozo, pers. comm.); the optimum salinity for the species is considered to be 15 -22 (Cervetto et al., 1999) . The absence of A. tonsa during extended freshwater flushing of the estuary during late summer has been recorded previously, and related to El Niño events (Kaminski, 2009) .
From May 2009 to March 2010, there was a weak/moderate El Niño event (www.bom.gov.au/climate/enso/enlist). During an El Niño, the dominant wind over the Patos Lagoon system is from the NE, and this, coupled with the increased precipitation in the catchment, also caused by El Niño (Möller and Fernandes, 2010) , results in an extended period of freshwater influence in the lower estuary (Möller et al., 2001) , with a complete absence of A. tonsa, as observed here.
The production of copepods is seemingly regulated by temperature and food supply, because those parameters are important for development and growth (Landry, 1975; Vidal, 1980; McLaren and Corkett, 1981) . The growth rates of A. tonsa were not measured directly during this study, mainly for experimental and logistical reasons, but several models have been developed and are now widely used to estimate the growth rate of zooplankton, including those that reproduce continuously, such as copepods (Ara, 2001b, c; Williams and Muxagata, 2006) . The model proposed by Ikeda and Motoda (1978) relates growth rate to respiration, so it requires data on body mass and temperature. The models proposed by Huntley and Boyd (1984) and Huntley and Lopez (1992) are temperature-dependent, temperature being the forcing function and the organisms not being food-limited. The models of Landry (1978) and McLaren et al. (1989) assume exponential growth and are usually employed to estimate the growth rate from preserved samples, using demographic data (Runge and Roff, 2000) , requiring information on development and weight. Recent growth-rate models (Hirst and Sheader, 1997; Hirst and Lampitt, 1998; were developed with copepod data and are based on weight and temperature, whereas the model of Hirst and Bunker (2003) also uses chlorophyll a as an indicator of food. As there is no "ideal" model covering all variables, and also because no standard method has been widely accepted, we adopted the growth equation of Hirst and Bunker (2003) because it gives some weight to those parameters identified as being more important for development and growth.
Using the Hirst and Bunker (2003) growth model, the production values for the Patos Lagoon estuary ranged from 0.4 to Table 3 .
Annual production estimates of
Acartia from different locations.
Species ( Original dry weight/carbon values were converted/recalculated using a conversion factor of 44.21%. The column "Days" represents the number of days from which annual production was calculated/averaged. obtained at the channel station with Acartia production reported elsewhere (Table 3) , it is clear that the production of A. tonsa in the Patos Lagoon estuary is close to the highest levels calculated for the species anywhere (Table 3) , although there was no production for several months during the extended freshwater flushing of the estuary caused by the El Niño event. The production of A. tonsa reported here, together with the fact that the production of its nauplii has not been taken into account, reflects the vital role that A. tonsa plays in this estuary in transferring energy from phytoplankton to the several species of fish larvae and juveniles, e.g. Ariidae (Netuma barba), Mugilidae (Mugil platanus), Bothidae (Paralichthys orbignyanus), Atherinidae (Odontesthes bonariensis, Atherinella brasiliensis), Sciaenidae (Micropogonias furnieri, Macrodon ancylodon, Menticirrhus americanus, Pogonias cromis, Umbrina canosai), Engraulidae (Lycengraulis grossidens, Anchoa marinii, Engraulis anchoita), Clupeidae (Brevoortia pectinata), Trichiuridae (Trichiurus lepturus), and Soleidae (Achirus garmani) that rely on Patos Lagoon zooplankton for food (Sinque and Muelbert, 1997; Vieira and Castello, 1997 , we have here presented the first estimate of the productivity of A. tonsa within the Patos Lagoon estuary, confirming A. tonsa as an important producer for the region. During El Niño events, the strong freshwater influence in the estuarine region impaired A. tonsa productivity because the species cannot develop under freshwater conditions. During non-El Niño events, when A. tonsa are expected to be found all year-round (Kaminski, 2009) , production values are expected to be higher, but at this point this assumption is merely speculative because no data are available. Further studies are now needed and should investigate other El Niño as well as non-El Niño events (i.e. La Niña and normal conditions) to fully characterize A. tonsa productivity in the Patos Lagoon estuary.
